The amyloid ␤-peptide (A␤) has been suggested to exert its toxicity intracellularly. Mitochondrial functions can be negatively affected by A␤ and accumulation of A␤ has been detected in mitochondria. Because A␤ is not likely to be produced locally in mitochondria, we decided to investigate the mechanisms for mitochondrial A␤ uptake. Our results from rat mitochondria show that A␤ is transported into mitochondria via the translocase of the outer membrane (TOM) machinery. The import was insensitive to valinomycin, indicating that it is independent of the mitochondrial membrane potential. Subfractionation studies following the import experiments revealed A␤ association with the inner membrane fraction, and immunoelectron microscopy after import showed localization of A␤ to mitochondrial cristae. A similar distribution pattern of A␤ in mitochondria was shown by immunoelectron microscopy in human cortical brain biopsies obtained from living subjects with normal pressure hydrocephalus. Thus, we present a unique import mechanism for A␤ in mitochondria and demonstrate both in vitro and in vivo that A␤ is located to the mitochondrial cristae. Importantly, we also show that extracellulary applied A␤ can be internalized by human neuroblastoma cells and can colocalize with mitochondrial markers. Together, these results provide further insight into the mitochondrial uptake of A␤, a peptide considered to be of major significance in Alzheimer's disease.
T he amyloid-␤ peptide (A␤) is produced by regulated intramembrane proteolysis of the A␤ precursor protein (APP) by the sequential cleavage by ␤-and ␥-secretases (1-2). Plaques consisting mainly of aggregated A␤ are detected in the neuropil in aged subjects and in particular in subjects with Alzheimer's disease (AD) (3) (4) (5) . Recently, it has been argued that it is A␤ oligomers and fibrils that cause toxicity, loss of synapses, and ultimately neuronal death (6) (7) (8) (9) . The exact mechanisms of how A␤ damages the neurons are still unknown; however, several lines of evidence implicate that A␤ exerts its toxicity intracellularly (10, 11) and point toward a role of mitochondria in this process (12) . It has been reported that mitochondrial A␤ accumulation impairs neuronal function and, thus, contributes to cellular dysfunction in a transgenic APP mouse model (13) . It is noteworthy that in AD at an early stage there is already a reduction in the number of mitochondria (14) , the brain glucose metabolism is decreased (15) , and the activities of both tricarboxylic acid cycle enzymes (16) and cytochrome c oxidase (COX) are reduced (17) (18) (19) (20) . In vitro studies with isolated mitochondria suggest that A␤ inhibits COX activity in a copper-dependent manner (21) . Furthermore, mitochondrial A␤-binding alcohol dehydrogenase (ABAD) has been found to be up-regulated in neurons from AD patients (22) , and A␤ has been shown to interact with ABAD, resulting in free radical production and neuronal apoptosis. Recently, we have shown that presequence protease (PreP) is responsible for the degradation of the accumulated A␤ in mitochondria (23) .
The reported incomplete mitochondrial translocation of APP leaving the A␤ region outside the mitochondrial membrane (24, 25) suggests that A␤ cannot be generated locally in mitochondria. Thus, A␤ has to be taken up by mitochondria. The major pathway for mitochondrial import of precursor proteins with mitochondrial targeting signals involves the translocase of the outer membrane (TOM) and the translocase of the inner membrane (TIM). Targeting signals are first recognized by receptors of TOM, Tom20, Tom22 and Tom70 (26, 27) . The receptors are associated to Tom40, the general import pore of TOM, whereupon the precursors are directed to the matrix via the Tim23 complex (27) . Another pathway through which metabolites and small molecules can pass into mitochondria is the voltage-dependent anion channel (VDAC). Induction of mitochondrial permeability transition also allows uptake of small molecules (28) .
Our experiments using isolated rat mitochondria show that A␤ is imported into mitochondria via the TOM complex. We also demonstrate that extracellulary applied A␤ is internalized in cells and colocalizes with mitochondrial markers. Immunoelectron microscopy studies of human brain biopsies and of mitochondrial fractions after in vitro A␤ import show a consistent localization pattern of A␤ to the mitochondrial cristae. Together, our data suggest that A␤ can be internalized by cells, imported into mitochondria via the TOM complex, and accumulated in the cristae.
Results

A␤ Accumulates in Human Brain
Mitochondria. First, we studied the mitochondrial localization of A␤ in human cortical brain tissue specimens from patients going through neurosurgery because of suspected normal pressure hydrocephalus. The clinical data from these patients are summarized in supporting information (SI) Table S1. In a biopsy from a patient (#1) with amyloid deposits visualized by means of immunohistochemistry (Fig. 1E) , A␤ labeling was apparent in the mitochondrial cristae ( Fig. 1 A and B) . Preabsorption of the antibody with the A␤ 1-42 peptide almost abolished labeling; of the six mitochondria from each sample were counted, there were 27.8 gold particles/ m 2 without preabsorption, compared to 3.9 gold particles/m after preabsorption ( Fig. 1. C and D) . These data show a unique accumulation of A␤ in mitochondria in surgical specimens obtained from living subjects. Biopsies from a total of seven subjects were examined. Five of these showed amyloidosis similar to Fig. 1E and accumulation of A␤ in mitochondria similar to Figs. 1 A to C. One patient (#3) showed tauopathy and no amyloidosis. Accordingly, this patient had very low A␤ labeling in mitochondria (Fig. 1F) . Similarly, a patient (#6) without pathology also had very low A␤ 1-42 labeling in mitochondria (data not shown). , and pF1␤ (C) detected by immunoblot analysis. A␤ peptides and F1␤ (pF1␤ ϭ precursor F1␤; mF1␤ ϭ mature F 1␤) were imported into isolated mitochondria from rat liver followed by treatment with PK. Valinomycin (Val), CyclosporinA (CsA), antibodies raised toward Tom70, Tom20, Tom40, and VDAC were used as described in Materials and Methods to investigate the import mechanism of A␤ 1-40 and A␤1-42. In some experiments, mitochondria were pretreated with Proteinase K (PK pretreatment) before import. The degradation of mitochondrial receptors was analyzed using antibodies toward Tom20 and Tim23 (D). Next, we investigated whether the TOM complex is involved in the mitochondrial uptake of A␤ and A␤ . To this end we preincubated mitochondria with antibodies directed toward Tom20, Tom40, or Tom70 and then performed import assays. Results clearly show a decreased import of both A␤ and A␤ in the presence of all of the three types of antibodies (see Fig. 3A : compare lanes 9, 11, and 13 with lane 5; Fig. 3B : compare lanes 8, 10, and 12 with lane 4). In addition, the import of the control protein, the F 1 ␤ precursor, was decreased after pretreatment with antibodies directed toward the TOM components, as expected for a protein containing a classical N-terminal import signal (see Fig. 3C : compare lanes 9, 11, and 13 with lane 3). In contrast, preincubation of mitochondria with VDAC antibodies did not abolish the import of A␤ , A␤ , and F 1 ␤ precursor, indicating specificity of the TOM component antibodies to impair import through the TOM complex (see To further explore the importance of the TOM complex for mitochondrial A␤ and A␤ 1-42 uptake, mitochondria were pretreated with PK (100 g/ml) to remove receptors of the outer mitochondrial membrane, Tom20, Tom22, and Tom70. Western blot analysis shows that the Tom20 receptor was degraded after PK treatment, while the inner membrane protein Tim23 remained unaffected by this treatment (Fig. 3D) . Results show that both the A␤ 1-40 and A␤ 1-42 import was abolished in mitochondria pretreated with PK before the import assay (see As A␤ contains no classical import signal, we speculated that this peptide might be immobilized in the import pore. Therefore, we performed experiments in which mitochondria were first incubated with A␤ 1-40 or A␤ followed by washing, reisolation of mitochondria, and additional incubation of the mitochondria with the F 1 ␤ precursor. Interestingly, the import of F 1 ␤ precursor was not inhibited, suggesting that A␤ and A␤ were not immobilized in the import pore ( To study the intramitochondrial localization of the imported A␤, the mitochondria were fractionated into a soluble and a membrane fraction. A␤ and A␤ were localized to the membrane fraction as analyzed by immunoblotting (Fig. 4B) . Upon treatment of the membrane fraction with Na 2 CO 3 , a small portion of A␤ and A␤ 1-42 dissociated from the membrane (Fig. 4C ), indicating that A␤ was partially peripherally associated with the mitochondrial membrane. To further verify the submitochondrial localization of A␤, after import mitoplasts were prepared and fractionated into a membrane fraction and a soluble fraction, and probed with markers for the mitochondrial matrix (Grp75; a member of the Hsp70 family of chaperones) and mitochondrial inner membrane [NDUFS4; Complex I (NADH dehydrogenase) subunit] (Fig. 4D) . A␤ was clearly associated with the inner membrane fraction and not present in the matrix fraction.
A␤ Extracellularly Applied to
Flow Cytometry. Mitochondrial import of A␤ was also studied by flow cytometry analysis. For this purpose we incubated isolated mitochondria with fluorescent A␤ 1-40 (A␤ 1-40 -FITC; 0.5 M, 30 min). Before flow cytometry, analysis samples were labeled with MitoFlour Red, ensuring that the analysis was restricted to mitochondria. A significant inhibition of A␤ 1-40 -FITC import was shown by flow cytometry after treatment of mitochondria with the TOM complex component antibodies (Tom20 * , P Ͻ 0.05; Tom40 * , P Ͻ 0.05; Tom70 ** , P Ͻ 0.01) (Fig. 5 A-C) , supporting the data obtained by immunoblot analysis. As shown above, the import of A␤ 1-40 -FITC was also insensitive to valinomycin and thus independent of an intact mitochondrial membrane potential (Fig. 5E ). Mitochondria were also pretreated with an antibody toward VDAC, but no consistent decrease of A␤ 1-40 -FITC import could be detected (Fig. 5D ), in agreement with immunoblot analysis. Furthermore, inhibition of the membrane permeability transition pore with cyclosporine A did not show any significant decrease of A␤ 1 -40 -FITC import (Fig. 5F ), also in agreement with immunoblot analysis. As expected, the import of the control peptide, the F 1 ␤ precursor was not affected by the presence of cyclosporine A (Fig. 3C, lane 15) .
Immunoelectron Microscopy. Our results from the in vitro import assay show that A␤ is located to the mitochondrial membrane fraction (see Fig. 4 B and C) . To more precisely determine the localization of A␤ after import, we performed immunoelectron microscopy. Gold particle labeling of A␤ clearly shows that the peptide has been imported into mitochondria (Fig. 6 B-D) . A␤ labeling was mainly detected in association to the inner membranes. Quantification of the distribution of A␤ 1-42 inside mitochondria after import showed that Ϸ75% of the gold particles were detected in cristae, 18% in matrix, and 7% associated with the outer membrane (108 gold particles from 20 mitochondria were counted in total). In control samples treated in the same way as in Fig. 6 B-D , except that no A␤ 1-42 was added during import, no labeling with the antibody JN 1-42 was detected (Fig. 6A) . Interestingly, the labeling pattern of A␤ in mitochondria was consistent between the mitochondrial fractions and the biopsy material (Fig. 1) .
Discussion
A␤ has been found in mitochondria in postmortem AD brain and in transgenic mice over-expressing mutant APP (13, 22, 29) , but the uptake mechanisms for A␤ in mitochondria have not been clarified. Here we have addressed how A␤ is able to pass the mitochondrial membrane and investigated A␤ uptake into mitochondria using an in vitro import assay. We report that A␤ is taken up by mitochondria both when applied extracellularly (see The membrane fraction in (B) was further treated with 0.1-mM Na 2CO3 followed by immunoblot analysis (C). Mitochondria and mitoplasts were fractionated into a soluble (sol) and a membrane (mem) fraction after A␤ import. Grp75 is a mitochondrial matrix marker and Ndufs is an mitochondrial inner membrane marker (D). Figs. 3-6 ). A␤ and A␤ 1-42 imports were decreased in the presence of antibodies directed toward either the mitochondrial receptors Tom20 or Tom70, or the general mitochondrial import pore of the outer membrane Tom40, suggesting that A␤ is imported through the TOM complex. We also tested whether A␤ is blocking the import pore by the sequential import of first A␤ or A␤ 1-42 followed by import of the F 1 ␤ precursor. We found that the F 1 ␤ precursor could be imported after import of A␤ or A␤ , showing that the outer membrane import pore was not blocked by A␤. A␤ interaction with the TOM complex was recently suggested by Sirk and colleagues (30) , showing that chronic exposure of cells to A␤ inhibits mitochondrial import of nuclear-encoded proteins. Even though the import pore was not blocked by A␤ during our 30 min import assay, it is still possible that chronic exposure could have this effect, as suggested by Sirk and colleagues. The uptake of matrix proteins containing a classical import signal, such as the F 1 ␤ precursor, is dependent on the mitochondrial membrane potential. In our experiments, lowering of the mitochondrial membrane potential by valinomycin treatment increased import of A␤. This may be explained by the fact that A␤ is negatively charged at pH 7 (pI ϭ 5.3) and a decrease of membrane potential, and thus negative ions in matrix, would cause a lower barrier for the peptide to cross. It is also possible that valinomycin could cause a small increase in A␤ import by physically disrupting mitochondrial membranes. Interestingly, A␤ by itself has been reported to cause mitochondrial depolarization (19) . Import of matrix proteins (26) and integration of hydrophobic carrier proteins into the inner membrane requires a membrane potential (31) . Our studies show that this is not the case for A␤, which probably does not follow the regular inner membrane protein insertion routes. The C-terminus of A␤ (residues 29-42) is hydrophobic, and we hypothesize that A␤ binds to import receptors through hydrophobic interactions and that its import into mitochondria is facilitated by the positively charged intermembrane space and by the lack of membrane potential. Its insertion into the mitochondrial inner membrane might be dependent on the length, hydrophobicity, and helix potential of the A␤ peptide (32). Using immunoelectron microscopy we found that most of the imported A␤ was associated with the inner membrane and that only a small fraction was localized to matrix. Moreover, subfractionation of sonicated mitochondria into a pellet and supernatant showed that A␤ was localized to the membrane fraction. Apparently, some of this A␤ was loosely attached to the membranes because it could be washed out using Na 2 CO 3 . In addition, subfractionation of mitoplasts into membrane and soluble fractions showed that A␤ is located to the inner membrane and not present in the matrix. Thus, we suggest that A␤ is inserted into the inner membrane after import and that only a small portion of the A␤ is loosely attached. Interestingly, the integration of A␤ into the inner membrane, where the respiratory chain complexes reside, is in line with results showing that A␤ 1-42 may cause inhibition of complex IV (21) . On the other hand, it was reported that A␤ colocalize with the mitochondrial matrix protein Hsp60 in mouse and human brain samples (13) . One explanation to this discrepancy might be that in the in vitro assay we studied A␤ localization after 30 min of import, whereas Caspersen and colleagues (13) report data from postmortem AD brains and 8-month-old transgenic APP mice. However, our data from brain biopsies obtained from living subjects, which display A␤ aggregates in the neuropil, show A␤ ImmunoGold labeling in association with mitochondrial inner membranes.
Fig. 2) or directly to isolated mitochondria (see
One important question is how A␤ can reach the mitochondrial surface. A␤ is generated in the lumen of the endoplasmatic reticulum/intermediate compartment, trans-Golgi network and endosomal/lysosomal pathway, as well as secreted from the plasma membrane (33) . Intracellular A␤ has been shown to accumulate in intracellular multivesicular bodies (10) and it is possible that A␤ leaking from these vesicles could reach the mitochondria. Moreover, our confocal microscopy analysis shows that fluorescent A␤ 1-40 applied extracellulary is taken up by the cells and later partly localized to mitochondria. Accordingly, Saavedra and colleagues (34) have recently shown that A␤ 1-42 is internalized by primary neurons in the absence of Apolipoprotein E. These data suggest that secreted A␤ can be reinternalized into cells either itself or through some kind of vesicular transport and come in contact with mitochondria. These mechanisms require further investigation.
In summary, we report that mitochondria are able to import A␤ in vitro and that the import occurs through the TOM complex. We also show that A␤ is associated to the mitochondrial inner membrane after import. Importantly, a similar labeling pattern was revealed by immunoelectron microscopic analysis of human brain biopsies. The presented mechanism for mitochondrial A␤ uptake can help the understanding of how A␤ can accumulate and cause mitochondrial dysfunction.
Materials and Methods
Cellular and Mitochondrial Uptake of A␤1-40-HiLyte Fluor Analyzed by Confocal Microscopy. Human neuroblastoma SH-SY5Y cells were grown on glass chamber slides (Lab-Tek, Nalge Nunc International Corp.). A␤ 1-40-HiLyte Fluor (Alexa Fluor 488) peptide was freshly dissolved in PBS and added to complete culture medium (0.5 ml) at a final concentration of 1 M for 18 h at 37°C. Subsequently, medium was changed and 585-nM MitoTracker Orange (Molecular Probes Inc.) was added for 30 min at 37°C. Cells were incubated for another 15 min in new medium before washing with PBS and fixation in 2% paraformaldehyde for 5 min. Cells were washed with PBS and mounted using ProLong Gold antifade reagent with DAPI (Molecular Probes Inc). The samples were visualized by an inverted Laser Scanning Microscope (LSM 510 META, Zeiss).
Isolation of Rat Liver Mitochondria.
Male Sprague-Dawley rats (Ϸ200 g) were killed and the liver was dissected and homogenized in buffer B (0.23-M mannitol, 0.07-M sucrose, 20-mM Hepes, 0.5-mM EDTA, 0.1% BSA, pH 7.2). Approval for these experiments was received from the Animal Ethics Committee of South Stockholm, Sweden. All centrifugations were carried out at 4°C. Unbroken cells and cell nuclei were spun down at 500 ϫ g for 5 min. A crude mitochondrial pellet was obtained from the supernatant by centrifugation at 8,000 ϫ g for 10 min. The pellet was resuspended and cell debris was removed by a centrifugation at 500 ϫ g for 5 min. Finally a mitochondrial pellet was collected by a centrifugation at 8,000 ϫ g for 10 min. The pellet was resuspended in 2-ml buffer B and the protein concentration determined.
In Vitro Import Assay. Samples containing 200-g protein of isolated rat liver mitochondria resuspended in 200 l import buffer (0.23-M mannitol, 0.07-M sucrose, 20-mM Hepes-KOH, 1-mM DTT, 1-mM ATP, 5-mM MgCl 2,1-mM Succinate, 1-mM methionine, pH 7.2) were prepared. Samples were either pretreated with antibodies raised against VDAC, Tom20, Tom70, or Tom40 (3.75 g per 200-g sample) or with valinomycin (1 M), an ionophore disrupting membrane potential, or with cyclosporine A, CsA (10 M), an inhibitor of the mitochondrial membrane permeability transition pore, on ice for 20 min. Freshly dissolved A␤ or A␤1-42 peptides (0.1 M) were added and incubated at 25°C for 30 min. For flow cytometry analysis, 300-g protein of isolated rat liver mitochondria was resuspended in 300-l import buffer and incubated with 0.5-M FITC-conjugated A␤1-40 (rPeptide) at 25°C for 30 min. After import, the samples were centrifuged at 3,000 ϫ g for 5 min to discard excess A␤ peptides and the mitochondrial pellet was resuspended in import buffer. Half of each sample was incubated with proteinase K, PK (60 g/ml for immunoblot analysis, 60 g/ml or 10 g/ml for flow cytometry analysis) on ice for 20 min. The PK-activity was stopped by addition of PMSF (100 M) and the mitochondrial pellet was reisolated by 5-min centrifugation at 3,000 ϫ g. To investigate the localization of imported A␤ peptides, samples were sonicated on ice for 15 sec before ultracentrifugation at 100,000 ϫ g for 20 min, resulting in a membrane fraction and a soluble fraction. The membrane fraction was incubated with Na 2CO3 (0.1 mM, pH 11.5) for 20 min on ice and then spun at 100,000 ϫ g for 20 min. Proteins from the soluble fraction were collected by filter-isolation (size cut off 3,000 MW; Millipore). A second approach to investigate the localization of the imported A␤ was also taken. In this case the mitochondrial pellet was resuspended in import buffer supplemented with 0.5-M NaCl (import buffer N) and then either directly fractionated as described above or treated with osmotic shock to obtain mitoplasts. To prepare mitoplasts, mitochondria were diluted 1:10 times with water and left 20 min on ice. The mitoplast fraction was repelleted at 4000 ϫ g before adding import buffer N, followed by sonication and centrifugation at 100,000 ϫ g. To study whether A␤ accumulates in the import pore, the same mitochondria were treated first with A␤ 1-40 or A␤1-42, followed by import of the F1␤ precursor protein. Samples were analyzed by immunoblotting (see SI Text). All antibodies used in this study are listed in Table S2 . Flow Cytometry Analysis of A␤1-40-FITC Import. After the import assay, mitochondria were suspended in 500-l analysis buffer [250-nM sucrose, 20-mM 3-(N-morpholino)propanesulfonicacid (Mops), 10-mM Tris-Base, 100-M Pi(K), 0.5-mM Mg 2ϩ , pH 7.0] containing 5-mM succinate (Sigma) and 0.1-g/ml rotenone (Sigma), as previously described (35) . The samples were incubated with MitoFluor Red (Molecular Probes Inc.) as mitochondrial marker for 15 to 10 min followed by immediate analysis without washing. These markers were used to exclude the debris from isolated mitochondria. MitoFlour Red (Molecular Probes Inc.) was prepared and stored according to the manufacturer's instructions. Flow cytometry was performed using a FACS Calibur Cytometry (Becton Dickinson) equipped with a 488-nm argon laser and a 635-nm red diode laser. The import of A␤ 1-40-FITC was analyzed in fluorescence channel 1 (FL-1) and MitoFluor Red in FL-4 channel. The FL-1-FL-4 compensation was 2.0 to 4.0%. The samples were gated based on light scattering properties in the side scattering (SSC) and forward scattering (FCS) modes. For each experiment, 100,000 events were counted. In all, preparations more than 80% were MitoFluor Red-positive, indicating some contamination of other organelles. Presented data are based on events gated for mitochondria that were MitoFluor Red positive.
Immunoelectron Microscopy. Mitochondrial fractions obtained after the import assay or human brain biopsy specimens were fixed in 2% paraformaldehyde ϩ 0.1% glutaraldehyde in 0.1-M phosphate buffer (PB) pH 7.4 over night, rinsed in 0.1-M PB, and soaked in 10% Gelatin at 37°C for 20 min. The pellet was then placed in the refrigerator and fixed into the same fixation as above. The pellet was cut into smaller specimens and infiltrated into 2.3 M of sucrose and frozen in liquid nitrogen. Sectioning was performed according to Tokuyasu (36) at Ϫ95°C. Immunolabeling procedure was performed as follows: grids were placed directly on drops of 0.15-M NaCl containing 20-mM glycine followed by incubation in 2% BSA (Sigma fraction V) and 2% Gelatin (IGSS quality, Amersham Biosciences U.K. Ltd.) in 0.1-M PB to block nonspecific binding. Sections were then incubated with the primary antibody diluted 1:50 in 0.1 M of PB containing 0.1% BSA ϩ 0.1% Gelatin overnight in a humidified chamber at room temperature. As control, preabsorption with a competition mix of A␤ 1-42 antibody (1:50) and A␤ 1-42 protein (10 M) was performed as described by Van Noorden (37) . The sections were thoroughly washed in the same buffer and bound antibodies were detected with protein A coated with 10-nm gold (Amersham Biosciences U.K. Ltd.) at a final dilution of 1:100. Sections were rinsed in buffer and fixed in 2% glutaraldehyde, contrasted with 0.1% uranyl acetate, embedded in 2% methylcellulose, and examined in a Tecnai 10 (FEI Company, The Netherlands) at 80 kV. Images were taken using a Megaview III digital camera (38) .
Statistical Analysis. Wilcoxon signed-rank test or the nonparametric, two-tailed Mann-Whitney test was used to compare statistical differences in the import assay. Values of * , P Ͻ 0.05, ** , P Ͻ 0.01 and *** , P Ͻ 0.001 were considered to be significant. Values are shown as mean Ϯ standard error of the mean.
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